INTRODUCTION
SAG (salivary agglutinin) is identical to lung gp-340 (glycoprotein-340), a receptor for SP-D (surfactant protein-D) and SP-A, and to DMBT1 (deleted in malignant brain tumours-1), a putative tumour suppressor [1] [2] [3] . It is a member of the SRCR (scavenger receptor cysteine-rich) superfamily, a group of proteins possessing SRCR domains. Members of this group are involved in various types of ligand binding. For example, CD5 and CD6 are involved in leucocyte interactions, and CD163 scavenges haptoglobinhaemoglobin complexes [4] .
SAG is composed of 13 highly similar SRCR domains which are separated by SIDs (SRCR interspersed domains), two CUB (C1r/C1s, Uegf, Bmp1) domains separated by a 14th SRCR domain, and a ZP (zona pellucida) domain [5] . SRCR domains each comprise approx. 100-110 amino acid residues, and are highly conserved across species boundaries [6] . The three-dimensional conformation of SRCR domains is stabilized by three (type A) or four (type B) disulphide bridges [7] .
Lung gp-340 has been proposed as a potential opsonin receptor for SP-D, a member of the collectin family [5, 8] . Collectins are pattern recognition receptors that play an important role in innate immunity by binding to specific carbohydrate structures on the surfaces of pathogenic micro-organisms [9, 10] . This binding enhances the phagocytosis and killing of micro-organisms by neutrophils and alveolar macrophages. gp-340 binds to SP-D through a protein-protein interaction in a calcium-dependent manner [8] .
SAG is a 300-400 kDa glycoprotein that was isolated originally by affinity adsorption of parotid saliva to Streptococcus mutans, the causative agent of dental caries [11] . It contains 25 % (w/w) carbohydrate, which has been implicated in binding to S. mutans [12, 13] . In addition to S. mutans, a variety of other oral and non-oral bacteria are agglutinated by SAG, such as S. oralis, S. gordonii, Staphylococcus aureus and Helicobacter pylori [3, 14, 15] . In addition, SAG binds to several proteins, including bovine lactoferrin, SP-D, complement C1q, mucin MUC5B and IgA [1, 12, [16] [17] [18] [19] . IgA and SAG were suggested to act synergistically in saliva-induced bacterial agglutination [19] .
The purpose of the present study was to identify the domains on SAG involved in binding to IgA. The interaction of SAG with IgA has been studied by stepwise degradation of SAG-IgA complexes present in saliva [11, 12, 19] . In the present study, the interaction of purified SAG and IgA has been studied and the effects of chemical treatment affecting its protein moiety have been tested. Furthermore, we have synthesized a series of peptides covering the complete SRCR domains and SIDs, and examined their IgAbinding properties. Only one 16-mer peptide of the SRCR domain, identified previously as a binding site for S. mutans, was found to bind IgA. Binding of IgA to SAG was inhibited by the same substances as was the binding of S. mutans to SAG, suggesting a similar type of binding.
EXPERIMENTAL

Chemicals
A monoclonal antibody against SAG (mAb143) with specificity for a reduction-sensitive protein epitope on SAG [20] was kindly provided by Dr D. Malamud (University of Pennsylvania, PA, U.S.A.). Monoclonal antibody 5E9 was raised originally by immunization with a high-molecular-mass salivary mucin (MUC5B) and is directed to a sialylated carbohydrate epitope [21] .
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Purification of SAG
SAG was purified by gel filtration as described previously [13] . Approx. 30 ml of parotid saliva was collected with a Lashley cup under stimulation with menthol candies. The sample was incubated on ice-water, resulting in the formation of precipitates containing SAG. After centrifugation (15 min, 5000 g, 4
• C) the pellet was resuspended in 0.1 vol. of PBS supplemented with 10 mM EDTA and applied on a Sephacryl S-400 (Amersham Biosciences, Roosendaal, The Netherlands) gel filtration column (15 mm × 490 mm) run in PBS. Fractions were monitored at A 280 . SAG migrated in the first peak fraction.
Peptide synthesis and purification
Based on the published amino acid sequence of gp-340 [5] , consensus sequences of the first 13 SRCR domains and 11 SIDs were determined using alignment software (Vector NTI; InforMax Inc., Oxford, U.K.) [15] . Nine peptides, together spanning the complete sequence, were synthesized using a Milligen 9050 peptide synthesizer (Milligen, Bedford, MA, U.S.A.).
Peptides were purified by reverse-phase HPLC on a JASCO (Tokyo, Japan) HPLC System. Peptides were dissolved in 0.1 % (v/v) trifluoroacetic acid and applied on a Vydac C 18 column (218TP; 1.0 cm × 25 cm, 10 µm particles; Vydac, Hesperia, CA, U.S.A.) equilibrated in 0.1 % trifluoroacetic acid. Elution was performed with a linear gradient from 30 % to 45 % (v/v) acetonitrile containing 0.1 % trifluoroacetic acid in 20 min at a flow rate of 4 ml/min. The absorbance of the column effluent was monitored at 214 nm, and peak fractions were pooled, lyophilized and re-analysed by reverse-phase-HPLC and by capillary electrophoresis on a Biofocus 2000 apparatus (Bio-Rad). The authenticity of the (monomeric) peptides was confirmed by Q-TOF (quadrupole time of flight) MS on a tandem mass spectrometer (Micromass Inc., Manchester, U.K.) as described previously [22] . Despite the presence of cysteine residues, exclusively monomeric peptides were detected, indicating that peptide multimerization by disulpide-bond formation had not occurred. The purity of the peptides was at least 90 %.
ELISA
To examine the binding of SAG to various proteins, microplates (Microlon; Greiner, Recklinghausen, Germany) were coated with proteins in 0.1 M sodium carbonate buffer (pH 9.6) overnight at 4
• C. All further incubations were for 1 h at 37
• C, and between each incubation microplates were washed with PBS containing 0.1 % Tween 20 (PBST). After coating, microplates were incubated with parotid saliva or SAG serially diluted in PBST containing 0.5 mM CaCl 2 (PBST-Ca). After washing, bound SAG was revealed with biotinylated UEA-1 lectin followed by incubation with avidin-conjugated HRP, or with antibody 143 or 5E9 followed by incubation with HRP-conjugated rabbit antibodies against mouse antibodies. These incubations were conducted in PBST supplemented with 1 % (w/v) albumin. Microplates were developed at room temperature with 0.01 % 3,3 ,5,5 -tetramethylbenzidine (Pierce) and 0.003 % H 2 O 2 in 100 mM sodium acetate buffer, pH 5.5. The reaction was stopped with 1 M sulphuric acid.
For inhibition experiments, inhibitors were added to parotid saliva or SAG solution and subsequently serially diluted in PBST containing the same concentration of inhibitor on IgA-coated microplates. Bound SAG was revealed as described above.
To examine the binding of IgA to SAG or peptides, microplates were coated with serial dilutions of SAG or peptide solution. Thereafter, microplates were incubated with 2 µg/ml IgA in PBST-Ca. After washing, microplates were incubated with HRPconjugated antibodies against IgA in PBST supplemented with 1 % (w/v) albumin. Microplates were developed as described above.
SDS/PAGE and Western blotting
SDS/PAGE was conducted on a Pharmacia Phast System (Pharmacia-LKB, Uppsala, Sweden) according to the manufacturer's instructions. Proteins were dissolved in sample buffer containing 15 mM Tris/HCl, pH 6.8, 0.5 % SDS, 2.5 % glycerol and 0.05 % Bromophenol Blue. For reduction, samples were incubated with 25 mM dithiothreitol (ICN Biomedicals, Aurora, OH, U.S.A.). Samples were separated on 4-15 % or 7.5 % (w/v) polyacrylamide gels. For Western blotting, proteins were transferred on to nitrocellulose membranes by diffusion blotting. Membranes were blocked by incubation for 1 h in TBS/Tween 20 containing 1 % (w/v) gelatin. Then membranes were incubated with antibodies in TBS/Tween 20. 5-Bromo-4-chloro-3-indolyl phosphate (Roche Diagnostics) was used as substrate.
Adhesion assay
Bacterial adhesion was examined using a microplate method based on labelling of micro-organisms with a cell-permeable DNA-binding probe, as reported previously [23] . S. mutans strain Ingbritt was cultured on Todd Hewitt broth (Difco Laboratories, Detroit, MI, USA) as described previously [1] . Cells were harvested by centrifugation (3000 g at 4
• C for 10 min), washed in PBS and suspended in PBST-Ca to a density of 5 × 10 8 cells/ml. Fluotrac 600 microplates (Greiner) were coated with various amounts of either synthetic peptides or purified SAG in coating buffer (100 mM sodium carbonate, pH 9.6). After incubation at 4
• C for 16 h, plates were washed twice with PBST-Ca. Subsequently, 100 µl of a bacterial suspension (5 × 10 8 bacteria/ ml) in PBST-Ca was added to each well and incubated at 37
• C for 2 h. After washing, bound bacteria were detected using 100 µl/well of 1 mM SYTO-13 solution (Molecular Probes), a cell-permeating and DNA-binding fluorescent probe. Plates were incubated in the dark at ambient temperature for 15 min and then washed three times with the same buffer. Fluorescence was measured in a Fluostar Galaxy microplate fluorescence reader (BMG Laboratories, Offenburg, Germany) at 488 nm excitation and 509 nm emission wavelengths.
RESULTS
Binding of SAG to various proteins
To investigate the presence of complexes of SAG with salivary IgA and with other proteins in parotid saliva, a sandwich ELISA was used. Microplates were coated with antibodies against IgA or Microplates were coated with serum IgA, secretory IgA (S-IgA) (4 µg/ml), human albumin (10 µg/ml) (A), bovine lactoferrin (1 mg/ml), rabbit IgG antibodies against CEA-1 antigen (10 µg/ml) or gelatin (1 mg/ml) (B). After coating, microplates were incubated with parotid saliva serially diluted in PBST-Ca [1:1 (v/v) starting dilution]. Bound SAG was revealed with antibody 5E9. SAG bound to antibodies, albumin and lactoferrin, but only weakly to gelatin. secretory component. Microplates coated with antibodies against CEA-1 antigen, which is not present in parotid saliva, were used as a negative control. Microplates were then incubated with serial dilutions of parotid saliva in PBST-Ca, and bound SAG was revealed with antibody 5E9. Similar dose-response curves were obtained with the anti-IgA antibodies as with the negative control (CEA-1), suggesting non-selective binding of SAG to these antibodies. Also, the coating of microplates with albumin, initially used as a blocking agent, resulted in a good dose-response, suggesting that SAG also bound to albumin.
These results prompted us to study the binding of SAG to a wider variety of proteins. Microplates were coated directly with IgA, secretory IgA, human albumin, bovine lactoferrin or gelatin. SAG diluted in PBST-Ca bound to all antibodies, and also to albumin and lactoferrin, but only weakly to gelatin. In the presence of Tween 20, SAG did not bind to non-coated microplates (Figure 1 ).
Effects of Ca 2+ ions
The influence of Ca 2+ and other bivalent ions on the binding of SAG to IgA was tested in an ELISA. IgA-coated microplates were incubated with purified SAG in PBST containing 0.5 mM CaCl 2 (with or without 5 mM EDTA), BaCl 2 , MgCl 2 or ZnCl 2 ( Figure 2) . It was demonstrated that Ca 2+ ions were required for binding and could not be replaced by other bivalent ions, suggesting that binding of SAG to IgA was specifically dependent on Ca 2+ ions.
Inhibition of SAG binding to IgA
To characterize further the binding of SAG to IgA, several substances were tested for inhibition of binding. For this purpose, IgA-coated microplates were incubated with serial dilutions of amine-containing components, such as ammonium chloride (Figure 3A) and 0.1 M glycine (results not shown), also inhibited binding. In contrast, binding of SAG to IgA was not inhibited by maltose ( Figure 3A) , glucose, Lewis a, blood group A or sulphoLewis a oligosaccharides (results not shown). Negatively charged ions such as carbonate and nitrate (0.1 M) were only weakly inhibitory ( Figure 3B ).
Binding of antibodies to SAG after reduction
To investigate the effect of reduction of SAG on its binding to antibodies, parotid saliva was separated by SDS/PAGE, transferred on to nitrocellulose, and tested for binding of goat and rabbit IgG antibodies conjugated to alkaline phosphatase (Figure 4) . SAG that was separated under non-reducing conditions bound these antibodies, but SAG that was separated under reducing conditions did not. The binding of antibody 143, directed against SAG, also disappeared after reduction. UEA-1 lectin blotting demonstrated that SAG migrated more slowly in the gel. These results suggest that reduction induced a conformational change in SAG that destroyed a conformation-dependent binding site.
Pinpointing the IgA-binding site on SAG
The SRCR domains are a major part of the protein core of SAG and their tertiary structure is stabilized by disulphide bridges. Therefore the involvement of SRCR domains in the binding of SAG to IgA was investigated. Using alignment software, the consensus sequences of the SRCR domains and SIDs were determined ( Figure 5B ). This resulted in a consensus sequence of the SRCR domain of 109 amino acids, and two consensus sequences for the SIDs of 20 and 22 amino acids. Seven synthetic peptides, representing loops that run in between disulphide bridges of the SRCR domain, and two peptides covering the sequences of the SIDs were synthesized (Table 1) . Peptides were coated on to microplates and tested for binding of IgA. Only peptide SRCRP2, corresponding to residues 18-33 of the 109-residue SRCR domain, showed strong binding of the antibodies. The other peptides did not bind these antibodies ( Figure 6 ).
Influence of IgA on adhesion of S. mutans
Since IgA and S. mutans have the same binding site on SAG, represented by SRCRP2, we tested whether IgA could inhibit the binding of S. mutans to SAG or SRCRP2 (Figure 7 ). Microplates coated with SAG or SRCRP2 peptide were incubated with IgA and tested for binding of S. mutans in an adhesion assay. The binding of S. mutans either to SAG or to peptide was not inhibited by preincubation with IgA.
DISCUSSION
We have investigated the binding of SAG to IgA. Interaction of SAG with IgA or other proteins has been described previously [8, 12, 19] . In most of these studies, IgA was co-purified with SAG and the SAG-IgA complex was dissociated in further purification procedures [8, 19] . In the present study, the binding of SAG to IgA was characterized further by studying the interaction between purified SAG and IgA. In addition, we demonstrated that SAG also bound to other substances, such as IgG antibodies of various species, albumin and lactoferrin. Binding of SAG to IgA was inhibited by EDTA, suggesting the involvement of calcium ions in binding. Calcium could not be replaced by other bivalent ions (Figure 2 ). This suggests that calcium is part of the binding site and that the function of calcium is more than merely overcoming repulsion between negatively charged proteins. The interaction of SAG with S. mutans, SP-D or gp-120 of HIV is also calcium-dependent [1, 8, 11, 24] , suggesting some similarity in the method of binding.
As has been described for the binding of SAG to S. mutans, its binding to IgA was inhibited by amine-containing substances and high concentrations of KCl, but not by several neutral monoor di-saccharides (Figure 3 ). This suggests an involvement of electrostatic interactions in binding.
The binding of SAG to IgA was destroyed by the chemical reduction of SAG (Figure 4 ), which suggests that the binding site is a protein epitope whose conformation is stabilized by disulphide bridges. Possible peptide-binding domains were the SRCR domains, whose tertiary structure is stabilized by four disulphide bridges. By alignment, a consensus sequence of the SRCR domains was designed that was used for the synthesis of peptides [15] . Of these peptides, only one, SRCRP2, showed affinity for IgA ( Figure 6 ). It has also been shown that this peptide binds to S. mutans and several other bacteria [15] .
Although the binding of IgA and S. mutans to SAG was mediated by the same peptide, and in both cases binding to SAG was calcium-dependent, IgA did not inhibit the binding of S. mutans to SAG or peptide SRCRP2. Possibly, the multi-ligand interaction of bacteria with SAG is much stronger than the mono-ligand interaction of IgA with SAG. This suggests that IgA does not interfere with the bacteria-binding function of SAG.
In conclusion, the SRCR domains of SAG seem to be involved in binding of this agglutinin to IgA. Binding is calcium-dependent and seems to take place according to a mechanism similar to that for the binding of S. mutans by SAG.
